I n particle (proton or heavy-ion) therapy, the patient treatment planning includes assessments of radiation dose and radiation quality. Distributions of the absorbed dose and the relative biological effectiveness (RBE), a quality index, in the patient provide essential information in the treatment planning. To facilitate these assessments, the International Atomic Energy Agency and the International Commission on Radiation Units and Measurements (ICRU) have jointly recommended the reporting and recording of isoeffective doses in the treatment plan.
I n particle (proton or heavy-ion) therapy, the patient treatment planning includes assessments of radiation dose and radiation quality. Distributions of the absorbed dose and the relative biological effectiveness (RBE), a quality index, in the patient provide essential information in the treatment planning. To facilitate these assessments, the International Atomic Energy Agency and the International Commission on Radiation Units and Measurements (ICRU) have jointly recommended the reporting and recording of isoeffective doses in the treatment plan. [1] The isoeffective dose, that is, the product of absorbed dose and isoeffective weighting factor, of particle beam is defined as the equivalent dose of photon beam under the same irradiation conditions (e.g., 2 Gy per fraction, 5 daily fractions per week, etc.). The key factor determining the isoeffective weighting factor is the RBE. While absorbed dose relates to the total energy deposition in a macroscopic volume of the irradiated tissue, radiation quality regards the single-event energy deposition in a microscopic volume of the biologically sensitive target. [2] When compared to photon beams, particle beams have distinct spatial distributions on the energy depositions in both the macroscopic and microscopic volumes. [3] Such distributions are responsible for the different biological consequences in the tumor and healthy cells during radiotherapy. The macroscopic distribution, that is, the depth-dose profile, of particle beams is largely influenced by the velocity-dependent stopping power, that is, the energy loss is inversely proportional to the particle velocity. As particle penetrates deep inside the tissue, particle velocity is decreasing so that stopping power rises, initially quite slow, and then very rapid near the particle range, to a maximum value at the Bragg peak. The Bragg peak feature makes particle beam particularly suitable for the treatment of deep-seated tumors. Besides the favorable dose distribution, individual particle deposits its energy along the particle track by producing localized ionizations in a microscopic volume through the formation of clusters. Experimental results demonstrated that deoxyribonucleic acid (DNA) double strand break (DSB) plays a key role in biological damages of the irradiated cell. [4] Therefore, those particles with inelastic (ionization and excitation) mean free paths close to a few nanometers (the width of opposite DNA strands) are considered the most critical for the induction of lethal lesions. Such particles with linear energy transfer (LET) close to 100 keV/µm are most effective in inducing the biological effects.
Microdosimetry is a method that studies the pattern and magnitude of the microscopic energy deposition in a biological sensitive volume. [5] Microdosimetry can be applied to predict the RBE of a given radiation type and energy by comparing these pattern and magnitude with those of the reference radiation, that is, 60 Co gamma rays for radiotherapy. In this review, microdosimetric approaches will be discussed for the determination of RBE values at different depths in a patient under particle therapy. These approaches apply the microdosimetric lineal energy spectra obtained from measurements or calculations. Methods to determine the microdosimetric spectra will be focused on the tissue equivalent proportional counter (TEPC), or miniature TEPC (mini-TEPC), and the Monte Carlo (MC) program. Combining a lineal energy spectrum and a biological model, RBE value can be determined. A simplified approach applies the dose-mean lineal energy and the measured RBE (LET) data. A more detailed approach makes use of the full lineal energy spectrum and biological weighting function spectrum. A comprehensive approach calculates the spectrum-averaged yields of DNA damages caused by all primary and secondary particles. Accordingly, RBE values at different depths in the patient can be estimated for any type of DNA damages, e.g., the DSB.
For proton beams with energies 70-250 MeV used in proton therapy, the initial instantaneous LET values are less than 1 keV/µm. [6] Applying the measured RBE (LET) data, RBE values for proton beams at the entrance and plateau depths are all close to 1.0. At the distal edge of the Bragg peak, proton energies are slowed down to very low energies, yielding a maximum RBE value of 3.0-6.0, depending on the biological endpoint, corresponding to LET ~90 keV/µm. For clinical applications, this maximum RBE value exists only in a very narrow region where negligible biological significance is considered. Therefore, it is generally accepted that a constant RBE value of 1.1 is applied in proton therapy. For a precision dosimetry, variable RBE values near the distal edge of the Bragg peak can be considered. This could be the potential benefit of using proton therapy in Taiwanese cancer patients for the future. [7] MATERIALS AND METHODS Figure 1 is a schematic diagram showing the problems of the investigation. A proton beam transports in the tissue to a depth where the irradiation target is located. For proton therapy, two parameters are of special interest, that is, the absorbed dose, D, and the lineal energy, y. Absorbed dose is a measure of the total energy deposited in a macroscopic volume by the proton beam and all its secondary particles. Lineal energy is a measure of the single-event energy deposited in a microscopic volume of the biological target (e.g., cell nucleus or DNA). Comparing lineal energy spectra of the proton beam with those of the photon beam, RBE values at different depths in the tissue may be estimated. The lineal energy spectra may be obtained from either measurement using the TEPC or simulations using the MC code.
The lineal energy, y, is an analog of the LET. A comparison of LET and y is depicted in Figure 2 , where a proton loses its energy through electronic interactions (solid circles) . The stopping power, dE/dz, defined as the mean total (electronic, nuclear, and radiative) energy loss per unit path length, is given by S = S ele + S nuc + S rad . While the stopping power focuses on the total energy loss, LET restricts to the local (immediate proximity along the proton track) energy loss. [8] Thus, delta-rays (high-energy secondary electrons), with energies larger than a cut-off value ∆, which move away from the proton track are excluded in the definition of LET, or LET ∆ . Although LET ∆ can be calculated, it cannot be measured because a detector corresponds to the geometry cut-off but not the energy cut-off. Therefore, it is more convenient to define y as the ratio of energy deposited (∆E in the figure) in a volume (the detector or biological target, shaded sphere) and the mean chord length ( . The stopping power, dE/dz, defined as the mean total (electronic, nuclear, and radiative) energy loss per unit path length, is given by S = S ele + S nuc + S rad . While the stopping power focuses on the total energy loss, LET restricts to the local (immediate proximity along the proton track) energy loss. [8] Thus, delta-rays (high-energy secondary electrons), with energies larger than a cut-off value ∆, which move away from the proton track are excluded in the definition of LET, or LET ∆ . Although LET ∆ can be calculated, it cannot be measured because a detector corresponds to the geometry cut-off but not the energy cut-off. Therefore, it is more convenient to define y as the ratio of energy deposited (∆E in the figure) in a volume (the detector or biological target, shaded sphere) and the mean chord length (  in the figure) of that volume.
[9] The lineal energy can either be measured using a microdosimeter (e.g. a TEPC) or calculated using a MC simulation program.
For particle therapy, the isoeffective dose, D IsoE , is defined as the product of absorbed dose, D, and isoeffective-dose weighting factor, W IsoE , that is, [1] 
Multiple variables affect the isoeffective-dose weighting factor, including the absorbed dose, dose rate, dose per fraction, radiation quality, and biological endpoint.
Under the same irradiation conditions as used in photon therapy (e.g., 2 Gy per fraction, 5 daily fractions per week, etc.), radiation quality seems to be the key factor that determines the isoeffective-dose weighting factor of particle beam. Radiation quality refers to a characterization of the radiation type and energy for the induction of biological effects. The best description of radiation quality is the RBE. For a given biological endpoint, RBE is defined by [3] 
where, D p and D r are absorbed doses of the particle radiation and the reference radiation (usually 60 Co g-rays), respectively. For proton therapy, ICRU recommends the use of a RBE-weighted absorbed dose: [10] 
As discussed in ICRU, [10] LET is a useful quantity in characterizing the biological effectiveness of an individual biological system. However, LET does not predict the biological response with high accuracy for different biological systems. Actually, LET is an approximation of the microdosimetric dose-mean lineal energy, y D defined by
where, d(y) is the normalized dose probability density as a function of lineal energy. Based on a simplified model, one can determine RBE from the database containing in vitro and in vivo results for a variety of biological effects. [10, 11] Assuming LET = y D , one determines the RBE using measured RBE (LET) data. Due to the variation of measured RBE (LET) data, it was previously suggested the upper and lower limits of measured data. [12] Figure 3 shows the region of these data (shaded area), that is, bounded by the upper and lower limits. It reveals that RBE equals to 1.0 for y < 1 and increases with y for y > 1. Applications of the lineal energy spectra to determine RBE can readily be achieved through the microdosimetry parameter y D . Figure 4 plots measured data of y D using the TEPC [13] and the mini-TEPC (open squares) and calculated results using the MC simulations (open circles). It indicates that y D increases with decreasing proton energy, showing a steeper slope for proton energies below 40 MeV.
It is more comprehensive to apply the full lineal energy spectra to determine the RBE. In Figure 3 , two biological weighting functions (right ordinate) are also plotted, one for the intestinal crypt regeneration, r ICR (y) (solid curve), and the other for the DNA DSB, r DSB (y) (dashed curve). Here, r ICR (y) is taken from experimental data of therapeutic neutron beams with different radiation qualities. [14] r DSB (y) is derived using the MC Damage Simulation (MCDS) code for proton beams with different energies. [15] It is seen that in the figure) of that volume. [9] The lineal energy can either be measured using a microdosimeter (e.g. a TEPC) or calculated using a MC simulation program.
Multiple variables affect the isoeffective-dose weighting factor, including the absorbed dose, dose rate, dose per fraction, radiation quality, and biological endpoint. Under the same irradiation conditions as used in photon therapy (e.g., 2 Gy per fraction, 5 daily fractions per week, etc.), radiation quality seems to be the key factor that determines the isoeffective-dose weighting factor of particle beam. Radiation quality refers to a characterization of the radiation type and energy for the induction of biological effects. The best description of radiation quality is the RBE. For a given biological endpoint, RBE is defined by [3] 
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where, d(y) is the normalized dose probability density as a function of lineal energy. Based on a simplified model, one can determine RBE from the database containing in vitro and in vivo results for a variety of biological effects. [10, 11] Assuming LET = y D , one determines the RBE using measured RBE (LET) data. Due to the variation of measured RBE (LET) data, it was previously suggested the upper and lower limits of measured data.
[12] Figure 3 shows the region of these data (shaded area), that is, bounded by the upper and lower limits. It reveals that RBE equals to 1.0 for y < 1 and increases with y for y > 1. Applications of the lineal energy spectra to determine RBE can readily be achieved through the microdosimetry parameter y D . Figure 4 plots measured data of y D using the TEPC [13] and the mini-TEPC (open squares) and calculated results using the MC simulations (open circles). It indicates that y D increases with decreasing proton energy, showing a steeper slope for proton energies below 40 MeV.
It is more comprehensive to apply the full lineal energy spectra to determine the RBE. In Figure 3 , two biological weighting functions (right ordinate) are also plotted, one for the intestinal crypt regeneration, r ICR (y) (solid curve), and the other for the DNA DSB, r DSB (y) (dashed curve). Here, r ICR (y) is taken from experimental data of therapeutic neutron beams with different radiation qualities. [14] r DSB (y) is derived using the MC Damage Simulation (MCDS) code for proton beams with different energies. [15] It is seen that both weighting functions fall in the region between upper 
Equation (4) calculates the RBE from weighting the y-dependent biological function, r(y), by the single-event dose spectrum, d(y). Its validity was discussed in the applications to photons, protons, and neutrons. [16] This equation was used to calculate the RBE for boron neutron capture therapy, [17] proton therapy, [18] and heavy-ion therapy. [19] Since lineal energy spectra are generally expressed in yd(y) versus log(y), Equation (4) can be rewritten as:
For a given biological target, d(y) can either be measured using a TEPC (or mini-TEPC) or simulated using an MC program. For instance, Figure 5 shows the mini-TEPC that can be used to measure the lineal energy spectra of proton beams. Panel (A) is the complete mini-TEPC, with the detector (at the left end) enclosed in an aluminum housing that serves as a vacuum tight container. Panel (B) is a perspective view of the mini-TEPC with all components and dimensions. The 1 mm × 1 mm (height × diameter) cylindrical cavity in the A-150 plastic is the sensitive volume that actually detects the ionization signal. The anode is a gold-plated tungsten wire stretched by a spring. In addition to experimental measurements, MC transport codes can be employed to determine the lineal energy spectra. Studies demonstrated that MC FLUKA code [20, 21] was able to predict the spectra of proton beams [22] and heavy-ion beams. [23] In the simulations, energy losses, energy loss straggling, scattering, and nuclear interactions of all primary and secondary particles can be included. To increase the efficiency of simulations, the microscopic tissue target can be expanded in volume by the application of Fano theorem, [24] that is, the flux of secondary radiation is independent of the density of a medium with given compositions.
In Figure 3 , the biological weighting function for DNA DSB is calculated for protons using the MCDS program. For a proton beam moving in the patient, however, secondary nuclear particles are generated. Therefore, all primary and secondary particles must be included in the determination of proton beam RBE. Because different particles contribute different biological effectiveness, an overall RBE of the proton beam is then calculated by a fluence-averaged RBE. The MCDS code provides a simple algorithm that simulates the DNA clustered damages induced by ionizing radiations of different qualities. This algorithm calculates the yields of different types of DNA damages. The DNA damage yield for a mixture of primary and secondary particles can then be estimated by weighting the corresponding yield by the fluence spectrum of each type of particle. The fluence spectra of all primary and secondary particles at a given depth can be calculated using the FLUKA code. Let the fluence spectrum of the i th -type charged particle be  i E ( ).
Combine this spectrum with the DNA damage yield of the j th -type (e.g., DSB) per cell, Y E ij ( ) through the relation [25] 
where, Y j ( ) 60 Co is the corresponding average yield of j th -type DNA damage for a uniformly distributed 60 Co source. The RBE for the j th -type DNA damage relative to 60 Co for the proton beam is then calculated using
Where, Di is the absorbed dose from the i th -type particle and the summation is over all primary and secondary particles of the proton beam. Figure 6 shows the results of dose-weighted lineal energy spectra, yd(y), measured using the mini-TEPC and simulated using the FLUKA code for, nominally, 15 and 30 MeV proton beams emitted from the medical cyclotron TR 30/15. [26] It is seen that the shapes of measured spectra are generally reproduced by the MC simulations. Notice that in mini-TEPC measurements proton energies at the detector are less than those emitted from the cyclotron, because of the slowing-down and straggling of protons in the mini-TEPC Al case. Thus, lineal energy spectra measured by the mini-TEPC represent results for proton energies of 12.88 and 28.83 MeV, corresponding to 15 and 30 MeV emitted energies. This makes the main peaks of measured data shift to higher lineal energies compared to simulated results. The spectra at y > 10 keV/µm correspond to scattered protons in the mini-TEPC wall, revealing a maximum attainable lineal energy ~140 keV/µm, that is, the proton edge.
RESULTS AND DISCUSSION
[27] In this figure, MC simulated spectra of 70 MeV protons are also plotted. It is seen that lineal energy spectra move to higher y-values as proton energy decreases. It is also seen that proton lineal energy spectra are mainly distributed between 1 and 10 keV/µm, as compared to the 60 Co γ-ray spectrum between 0.1 and 1 keV/µm. [22] As proton energy decreases, a greater portion of the spectra falls in the range of lineal energy larger than 10 keV/µm.
MC simulated results of the absorbed dose distribution in a water phantom for 70 MeV proton beam are plotted in Figure 7 (left panel). Here the Bragg peak at ~40 mm depth is clearly seen. This peak is beneficial in the treatment of ocular melanoma. Lineal energy spectra of 1 µm-diameter target, d(y), at various depths in the phantom (labeled as circles) are also plotted in Figure 7 (right panel). As depth is increasing, a progressive shift of the lineal energy spectrum toward higher y-value is seen. This shift is responsible for the RBE increase, with depth, at the distal edge of the Bragg peak, when compared with RBE values at the plateau and shallower depths. Applying the lineal energy spectra to the RBE (LET) data or the biological weighting functions, RBE values at various depths in the water phantom can be estimated. RBE values determined from using the upper and lower limits of RBE (LET) data are plotted in Figure 8 , along with the depth-dose curve for 70 MeV proton beam. Corresponding RBE values obtained using the biological weighting function for the intestinal crypt regeneration are also plotted in this figure. It is seen that RBE values increase rapidly at the distal edge of the Bragg peak, reaching a For DNA DSB, the MCDS program simulates the fluence-averaged RBE according to Equations (4) (5) (6) . Figure 9 shows the depth-dose distributions calculated using the FLUKA code for 160 MeV proton beam in the water phantom. Individual contributions to the total dose from primary protons and secondary particles (secondary protons, alpha-particles, deuterons, and He3-ions) are separately plotted. It is seen that the contributions from secondary particles are almost invisible near the Bragg peak, but are marked in the plateau region and at depths beyond the distal edge of the peak. The contributions of secondary protons, alpha-particles, deuterons, and He3-ions differ by orders of magnitude. The contribution from primary protons terminates at a maximum depth close to the distal edge of the Bragg peak. Secondary particles, however, continue to make contributions beyond the distal edge of the peak.
Using FLUKA, the fluence spectra of primary and secondary particles at several depths in the water phantom are plotted in Figure 10 for 160 MeV proton beam. The primary proton spectrum shows a narrow peak around 160 MeV at 0.5 cm and a broad peak around 15 MeV at 17.475 cm (the Bragg peak depth). The broader and lower spectra of primary protons at deeper depths are due to the energy loss and straggling. Because of the greatly reduced proton energies, LET and RBE at the Bragg peak are expected to go up sharply. On the other hand, the spectra of secondary particles continue to fall with increasing depth due to the smaller number of primary protons and so less nuclear interactions. Although secondary particles have smaller energies or higher LET than primary protons, their numbers are less. Therefore, the contribution from secondary particles to the RBE is expected to be small. Using MCDS, RBE values for the induction of DSB are plotted in Figure 11 for 160 MeV proton beam (right ordinate). It is seen that RBE increases slowly from the entrance depth and rapidly near the Bragg peak. The maximum RBE value at 0.5 cm distal to the Bragg peak is equal to 1.5. RBE-weighted absorbed doses (left ordinate) were plotted and compared with absorbed doses. The effect that RBE increases with decreasing dose beyond the Bragg peak is the extension of dose range by ~1.9 mm.
A spread out Bragg peak (SOBP) between 14.0 and 17.3 cm is made up of proton beams of successively lower energies. RBE values for the induction of DSB for the SOBP proton beam are also calculated using the MCDS code. Calculated RBE values (right ordinate), absorbed doses (left ordinate), and RBE-weighted absorbed doses (left ordinate) are plotted in Figure 12 . Again, close to the distal edge of the SOBP, the enhancement of RBE-weighted absorbed doses is more pronounced. In this figure, RBE values for the 160 MeV unmodulated proton beam are also included for comparisons. It reveals that RBE values are greater for modulated beam than unmodulated beam at depths proximal to the Bragg peak. On the contrary, RBE values are greater for unmodulated beam than modulated beam at depths distal to the Bragg peak. This is easily understood because RBE for a modulated proton beam is the average of all RBE values for many lower energy unmodulated proton beams.
Conclusions
When compared to photon beam, charged particle beam retains a better absorbed dose distribution and a larger biological effectiveness to maintain the merits of particle therapy. The highly localized energy deposition of particles induces complex types of DNA damage. Since these types of damage are more difficult to repair, particles should have higher RBE values, that is, requiring lower doses to achieve the same biological effects as compared to photons. To describe the biological actions, biophysical models on a microscopic level have been developed. Although these models involve crude approximations and mostly focus on the specific aspect of radiation action, they are very useful in the application of particle therapy. The empirical approaches including biological weighting function model and fluence-averaged DNA damage model provide satisfactory quantitative agreement with experimental data. The increased biological effectiveness of particle beam has to be taken into account in the treatment planning.
For proton beams with energies 70-250 MeV used in proton therapy, maximum RBE values at the distal edge of the Bragg peak are theoretically estimated to be 3.0-6.0 based on the RBE (LET) data, depending on the biological endpoint. For clinical applications, these maximum RBE values exist only in a very narrow region where negligible biological significance is of concern. Therefore, it is generally accepted that a constant RBE value of 1.1 is applied in proton therapy. However, this does not exclude the need of a precision dosimetry, where variable RBE values in the patient need to be considered. In this review, microdosimetric approaches have been discussed for the determination of RBE values at different depths in a patient under particle therapy. These approaches apply the lineal energy spectra obtained from TEPC measurements or MC calculations. Combining a lineal energy spectrum and a biological model, RBE value can be determined. Results of these approaches have been presented for proton beams of 15/30 MeV, 70 MeV, and 160 MeV.
